For the first time, respiratory complex I has been reconstituted on an electrode preserving its structure and activity. Respiratory complex I is a membrane-bound enzyme that has an essential function in cellular energy production. It couples NADH:quinone oxidoreduction to translocation of ions across the cellular (in prokaryotes) or mitochondrial membranes. Therefore, complex I contributes to the establishment and maintenance of the transmembrane difference of electrochemical potential required for adenosine triphosphate synthesis, transport, and motility. Our new strategy has been applied for reconstituting the bacterial complex I from Rhodothermus marinus onto a biomimetic membrane supported on gold electrodes modified with a thiol self-assembled monolayer (SAM). Atomic force microscopy and faradaic impedance measurements give evidence of the biomimetic construction, whereas electrochemical measurements show its functionality. Both electron transfer and proton translocation by respiratory complex I were monitored, simulating in vivo conditions.
■ INTRODUCTION
Life depends on continuous flow of energy and on mechanisms that control this energy flow. Respiratory complex I (E.C.1.6.5.3) is an energy transducing enzyme present in the three domains of life. This enzyme catalyzes the oxidation of NADH and the reduction of quinone coupled to ion translocation across the membrane. In this way, it contributes to the establishment of the transmembrane difference of electrochemical potential which is used for the synthesis of adenosine triphosphate, solute transport, and motility. Deficiencies in this complex have been shown to be implicated in several pathologies, namely, neurodegenerative diseases such as Leber's hereditary optic neuropathy, Parkinson's, and dystonia disorders. 1 In mitochondria, the enzyme is composed of 45 subunits with a total molecular mass of 1 MDa, whereas the bacterial complex I, considered to comprise the minimal functional unit, has in general 14 subunits (named Nqo1-14 or NuoA-N) with a total mass of 550 kDa. The subunits are arranged in an Lshaped structure, consisting of peripheral and membrane arms as shown in Figure 1 . 2−5 The peripheral part contains the prosthetic groups (iron−sulfur centers and FMN), 2 while the membrane part is, most likely, involved in quinone reduction and charge translocation. 5 The nature of the ion(s) translocated by this enzyme is still a highly discussed issue, being H + and Na + possible candidates. It is generally accepted that H + is the coupling ion in complex I; 6, 7 however, in the case of some bacterial complexes I, Na + has been proposed to have that role. 8, 9 It was also shown that some bacterial complexes I are capable of H + and Na + translocation, but in opposite directions, with H + being the coupling ion. 10−12 The study of this enzyme is currently a hot topic in bioenergetics, stimulated by recently structural and functional data. 2, 5 Still, the mechanisms of quinone reduction, ion translocation and their coupling are unknown. To our knowledge, the study of both redox and ion translocation activities in the same experimental setup was not full achieved yet. Different strategies and techniques have been employed to study NADH oxidation, mostly working with soluble subcomplexes or partially solubilized proteins for using electrochemical and spectroscopic techniques. 13−16 To study proton translocation, the complex I has to be inserted in a lipid bilayer that provides the enzyme with the appropriate lipid environment and separates two compartments needed to maintain the proton gradient. Protein orientation and compartmentalization can be achieved by working with intact lipid vesicles obtained from cell fractions, 10, 11, 17, 18 or by reconstituting the isolated protein in liposomes. 12 Such reconstitution protocols are not appropriate for using dynamic electrochemical techniques, which have proven to be powerful tools to study thermodynamic and kinetic properties of proteins, but require their connection to the electrode surface. 19 The immobilization of purified redox membrane enzymes on surfaces modified with model membranes opens the possibility of studying them by a combination of methodologies that provide information about both the catalytic process and the associated structural rearrangements. 20 This information is very difficult to achieve in lipid vesicle solutions obtained from cell membrane fragments. Several strategies have been developed for building biomimetic membranes on conductive supports, 21 which allow the use of electrochemical, 22−24 spectroscopic, 25−28 and atomic force microscopy (AFM) 23, 26 techniques for studying immobilized membrane proteins. However, to our knowledge, these strategies have not been employed for studying respiratory complex I. Reconstitution of the respiratory complex I in its native form on supported biomimetic membranes should allow one to perform many fundamental studies about its function in cellular energy production, and may also lead to the development of devices for mitochondrial toxicity screening. 29 In this study, we have developed a strategy for reconstituting the bacterial complex I from Rhodothermus marinus, keeping its structural and functional properties, onto a biomimetic membrane supported on gold electrodes modified with a thiol self-assembled monolayer (SAM), as shown in Figure 1 . We show that this biomimetic construction allows one to study electrochemically both the electron transfer and the proton translocation by complex I.
■ MATERIALS AND METHODS
Bacterial Growth and Protein Purification. Rhodothermus marinus growth, membrane preparation, and membrane protein solubilization were done as described previously, 30 except that the growth medium contained 100 mM glutamate. Respiratory NADH:menaquinone oxidoreductase (complex I) was purified according to an established procedure, 31 optimized by introducing a further chromatographic step with a Mono-Q column (GE-Healthcare). Briefly, the sample was submitted to two successive high performance Q-Sepharose columns, using as buffer 20 mM Tris−HCl (pH 8.0), 1 mM phenylmethanesulfonyl fluoride (PMSF, Roth), and 0.1% ndodecyl-b-D-maltoside (DDM, Glycon Biochemicals GmbH), and was eluted in a linear gradient, 0−1 M NaCl. The fraction containing complex I was then applied to a gel filtration S200 column, eluted with 20 mM Tris−HCl (pH 8.0), 1 mM PMSF, 0.1% DDM, and 150 mM NaCl, and finally applied on a Mono-Q column using 20 mM Tris− HCl (pH 8.0), 1 mM PMSF, and 0.1% DDM as buffer. The complex I was eluted in a linear gradient, 0−1 M NaCl.
Gold Surface Preparation. Au wire (0.25 mm radius) and Aucoated substrates (1 × 1 cm 2 ) were purchased from Goodfellow Cambridge Limited and Metallhandel Schroer GMBH, respectively. The substrates for AFM experiments had a Au layer of 200 nm thickness over 1−4 nm of Cr prepared on borosilicate glass. The substrates were cleaned with piranha solution (3:1 H 2 SO 4 98%/H 2 O 2 30%) (Caution! Piranha solution is especially dangerous and corrosive and may explode if contained in a closed vessel. It should be handled with special care.) and rinsed extensively with Milli Q water. The substrates were then annealed to an orange glow for a few seconds in a propane flame; this operation was repeated five times. This treatment is known to produce Au(111) terraces of a few micrometers radius with atomically flat surfaces separated by deep boundaries, suitable for AFM characterization ( Figure S1 of the Supporting Information). Au wires were treated as the Au-coated substrates.
Preparation of Liposomes. A volume of 200 μL of 10 mg/mL egg phosphatidylcholine (PC, Avanti) in choloroform was mixed with 180 μL of 1 mg/mL egg phosphatidic acid (PA, Avanti) in the same solvent and with 35 μL of 1.5 mg/mL 2,3-dimethyl-1,4-naphthoquinone (DMN, synthesized as described) 32 in ethanol. The solution was shaken for 10 min and then evaporated under N 2 flow. Phosphate buffer 0.1 M, pH 5.5 was then added to form a 2 mg/mL suspension of phospholipids that was immersed in an ultrasound bath for 15 min. The suspension was then extruded with an Avanti extruder equipped with a porous membrane (1 μm pore diameter). This procedure leads to the formation of a quasi-monodisperse suspension of unilamelar vesicles.
Preparation of the Proteoliposomes. Two types of liposomes were used: 9 PC:1 PA in weight liposomes with and without DMN. In both cases, the complex I was inserted in the same way: 10 μL of 6.2 mg/mL complex I was added to 500 μL of the liposome suspension and stirred with vortexing at 4°C during 150 min, adding 15 mg of CALBIOSORB adsorbent biobeads (Calbiochem) every 45 min of stirring. The biobeads were added to remove the detergent from the complex I sample, thus facilitating its reconstitution in the liposomes. The biobeads were washed with 0.1 M phosphate buffer, pH 5.5 before use.
Modification of the Gold Surfaces. First, the clean Au(111) surfaces were modified with a 4-aminothiophenol (4-ATP, Sigma) monolayer as reported. 23 The 4-ATP/Au was incubated in liposome or proteoliposome suspensions overnight at 4°C in the presence of biobeads.
Electrochemical Measurements. The measurements were run in a three-electrode glass cell with a Ag/AgCl (3 M NaCl) reference electrode from BAS or a saturated calomel reference electrode from Radiometer. The working electrodes had a geometric area of 0.065 cm 2 . All the results are shown versus normal hydrogen electrode, NHE. A platinum wire from Goodfellow Cambridge Limited was used as a counter electrode. All the measurements were perfomed under N 2 atmosphere at 25°C with an Autolab PGSTAT30 potentiostat/ galvanostat or a μ-Autolab III electrochemical analyzer controlled by GPES 4.9 software (Eco Chemie). The Faradaic impedance spectra were recorded using FRA 4.9 software (Eco Chemie) while applying +0.44 V (vs NHE) bias potential and using 10 mV alternative voltage in the frequency range 10 kHz to 100 mHz. The experimental impedance spectra were fitted using electronic equivalent circuits (Randles and Ershler model) 33 to derive the electron-transfer resistance, R et , values. For this purpose, the same FRA software was used. A mixture of 2.5 mM K 4 [Fe(CN) 6 ] and 2.5 mM K 3 [Fe(CN) 6 ] was used as electrochemical probe, dissolved in 100 mM phosphate buffer, pH 7. The measurements were carried out at room temperature (23 ± 2°C)
Atomic Force Microscopy (AFM) Measurements. An Agilent Technologies 5500 microscope was used for AFM imaging. Measurements were always made under liquid conditions in 0.1 M phosphate buffer, pH 7 at room temperature using Olympus rectangular silicon nitride cantilevers (RC800PSA, 200 × 20 μm 2 ) with a spring constant of 0.05 N/m, an estimated tip radius of 20 nm, and a resonance frequency in the liquid cell of approximately 27 kHz. Scanning rates were kept close to 1 Hz. All images contain 512 pixels × 512 pixels and were first-order flattened using Picoimage software from Agilent.
■ RESULTS
AFM Study of Reconstituted Complex I. The structural characterization of the modified gold surfaces was carried out using AFM. The flat gold surfaces were treated according to the same protocol established to modify the gold wires used for the electrochemical measurements. Figure 2a ,b shows images of the gold surface modified with a 4-ATP SAM after overnight incubation in a complex I proteoliposome suspension at 4°C. Figure S1a ,b in the Supporting Information shows, for comparison, an AFM image and z-axis profile, respectively, of a bare annealed gold surface. Evidence that the gold surface was covered by a soft lipid biomembrane comes from the indentation curve shown in Figure 2c . It indicates that the AFM tip, upon approach to the surface, penetrated through a soft material, approximately 5 nm in depth, before reaching the hard underlying gold substrate. This thickness agrees with that expected for a phospholipid bilayer lying on top of the 4-ATP SAM-modified surface. 23 Further experimental evidence of the phospholipid bilayer formation was obtained from the image of a modified surface in which a region of the biomimetic membrane was removed by scratching with the tip ( Figure  S1c ,d in the Supporting Information). The modified surface presented protrusions whose height of 6−8 nm, as seen in Figure 2d , correlates well with values expected for the hydrophilic arm of complex I extending outside the membrane (Figure 1) . The lateral dimensions observed are ultimately determined by the tip diameter; therefore, we can only reliably estimate that the height of the proteins is indeed within the range expected for the soluble part sticking out of the membrane. The density of the protrusions observed on the flat regions of the gold terraces falls within the expected 4−10% surface area covered by protein, considering that the lipid to protein molar ratio used to prepare the samples was 7000:1.
Impedance Characterization of the Biomimetic Construction over Au Electrodes. The reconstitution of the membrane-bound enzyme on Au wire electrodes was monitored step-by-step using faradaic impedance spectroscopy. The impedance spectra were recorded for each of the following steps of the electrode modification: bare Au, Au modified with 4-ATP (Au/4-ATP), Au modified with the phospholipid bilayer (Au/4-ATP/PhL) and the complete construction with reconstituted complex I (Au/4-ATP/PhL+C-I).
The impedance spectra were represented as Nyquist plots (Figure 3 ), and the fitted parameters are given in Table S1 of the Supporting Information. The impedance spectrum measured on the bare Au electrode (Figure 3 , squares) showed a typical response dominated by the Warburg process. 34 However, from the highest frequency data, a charge resistance of 50 Ω can be estimated (inset of Figure 3 , squares). Taking into account the geometric electrode area, this corresponds to ca. 3 Ω × cm 2 . The impedance spectrum measured for the Au/ 4-ATP electrode also showed an electrical resistance (R et ) lower than 5 Ω × cm 2 , indicating that the assembled monolayer is not insulating the surface (Figure 3, circles) . The bilayer formation on Au/4-ATP electrodes was studied by incubation of the electrode in the phospholipid suspension under two different conditions: (i) at RT during 3 h and (ii) overnight at 4°C. An impedance spectrum of each Au/4-ATP/PhL electrode was recorded. The impedance spectrum measured for the Au/4-ATP/PhL (3 h) electrode showed a R et of ca. 33 Ω × cm 2 , which is 7 times higher than the R et measured for the Au/4-ATP electrode (Figure 3, void triangles) . The impedance spectrum measured for the overnight Au/4-ATP/PhL electrode showed a R et of ca. 72 Ω × cm 2 , which is a 15-fold increase over the previous step (Figure 3, solid triangles) . These results evidence the presence of an additional charge-transfer barrier on the Au/4-ATP/PhL electrode, in agreement with the formation of a phospholipid bilayer. Moreover, the difference in the R et measured for the fast-formed bilayer and the slowformed one suggests a bilayer that is more densely packed and less prone to defects in the latter case. Thus, the overnight bilayer formation method was used in further experiments. The last stage of the reconstitution of complex I in the biomimetic membrane, Au/4-ATP/PhL+C-I, was also measured. The impedance spectrum of Au/4-ATP/PhL+C-I gave a remarkably higher R et of ca. 0.360 kΩ × cm 2 , which is a 5-fold increase over the R et measured for the overnight Au/4-ATP/PhL (Figure 3 , tilted squares).
Electrocatalytic Oxidation of NADH by the Reconstituted Complex I in the Presence of Quinone. The electrocatalytic properties of the reconstituted complex I on the gold electrodes modified with the biomimetic membrane were studied by cyclic voltammetry. The quinone DMN was incorporated in the phospholipid bilayer as electron acceptor of the enzyme and redox mediator with the electrode ( Figure  1 ). Several control experiments were done with modified electrodes in the absence of either the phospholipid bilayer, the complex I, or the redox mediator.
Firstly, cyclic voltammograms (CVs) for a Au/4-ATP electrode were measured in either the presence or absence of NADH. Figure 4a shows the direct oxidation of NADH on the electrode, for which the onset is at E= +300 mV potential. Such oxidation is known to be an irreversible process, 35 which is confirmed by the absence of an electrochemical reduction process for NAD + . The cathodic current observed at negative potentials is also present in the CV recorded in the absence of NADH, and may be attributed to nonscavenged oxygen at the electrode boundary. The formation of a phospholipid bilayer on top of the Au/4-ATP electrode avoided the electrochemical oxidation of NADH (Figure 4b ). This result shows that the phospholipid bilayer is acting as a barrier to NADH diffusion toward the electrode surface. Figure 4c shows the CVs measured at 50 mV/s with a Au/4-ATP/PhL+DMN electrode. The electrochemistry response of the embedded naphthoquinone is a quite complex process that provides the CVs with several reduction and oxidation peaks. This electrochemical behavior is typical for quinone derivatives at neutral pH. 24,36−39 A CV recorded at 100 mV/s scan rate allows a better resolution of the DMN redox waves (Figure 4c inset). The redox pair centered at +450 mV can also be found in the CV recorded for a Au/4-ATP/PhL electrode in the absence of DMN (Figure 4b) , thus it is not assigned to the naphthoquinone derivative. When the electrode was scanned several times between −0.1 and +0.7 V vs Ag/AgCl the peak intensities of both oxidation and reduction waves centered at +450 mV increased ( Figure S2a in the Supporting Information). Therefore, this quasi-reversible redox process is attributed to surface-confined aniline dimers formed by oxidation of part of the 4-ATP monolayer molecules, as reported by Raj et al. 40 By contrast, the redox signals assigned to DMN (reduction peaks at +120 and −65 mV, oxidation peak at +180 mV) decreased with the number of cycles recorded ( Figure S2b in the Supporting Information). This suggests that the reduced naphthoquinone maybe leaking out of the phospholipid bilayer due to its higher hydrophilicity. Addition of NADH to the solution only resulted in an insignificant increase of the oxidative peak current at +480 mV (Figure 4c ). Thus, the bilayer dramatically hindered the direct oxidation of NADH, whereas the presence of embedded DMN hardly allowed mediated electrochemical oxidation of NADH. An additional control experiment was done with a Au/4-ATP/PhL +C-I electrode, but excluding DMN from the experiment (Figure 4d ). Again, the increase of oxidation currents was negligible when NADH was added to the solution, indicating that direct electrocatalytic oxidation of NADH by the reconstituted complex I was negligible. Figure 5a ,b shows the CVs measured for a Au/4-ATP/PhL +C-I+DMN electrode that included the naphthoquinone in the phospholipid bilayer as electron acceptor from complex I. An increase of the anodic currents was observed by CV when NADH was added to the solution, which is explained by an electrocatalytic procces due to NADH oxidation by the reconstituted complex I and redox-mediated by DMN. The measured electrocatalytic enhancement, starting at −0.1 V, was greater when the CV was recorded at 5 mV/s. This higher ratio of the catalytic current relative to the noncatalytic current at slower scan rates indicates that the overall electrocatalytic process is slow.
Chronoamperometry experiments were also performed with the Au/4-ATP/PhL+C-I+DMN electrode poised at +510 mV (Figure 5c ). NADH aliquots were added sequentially up to a final concentration of 60 μM to the quiescent solution. The oxidation current increased upon each addition of NADH, reaching a pseudo-steady-state value after a few minutes. However, in the long term, the steady-state current decreased even if the bulk NADH concentration was higher. This effect could be correlated to the diffusion of DMN, which plays the role of redox mediator in the electrocatalytic process, out of the biomimetic membrane toward the solution. As expected, the control experiment without the enzyme (Au/4-ATP/PhL +DMN) presents insignificant changes of the measured current upon NADH addition. This result confirms that the currents of NADH oxidation detected with the reconstituted complex I on membrane-modified electrodes are a consequence of its enzymatic activity.
Proton Translocation by the Reconstituted Complex I. In vivo, complex I couples NADH:quinone oxidoreduction to translocation of protons across the membrane. We have shown above that the reconstituted complex I on the modified gold electrodes was catalytically active for NADH:quinone oxidoreduction. To ascertain if the reconstituted enzyme was also able to translocate protons across the biomimetic membrane, we used the redox process of aniline dimers formed from the 4-ATP monolayer on the electrode surface as probe of local pH changes at the membrane/electrode interface. This aniline/ quinone imine conversion involves 2e − /2H + , thus its formal redox potential should shift theoretically −56 mV/pH unit at 25°C. 40 Therefore, to detect proton transport in the modified electrodes, we measured the change of the oxidation peak potential of this process by differential pulse voltammetry (DPV), which is a more sensitive electrochemical technique for measuring peak shifts than cyclic voltammetry. First, we calibrated the system with a Au/4-ATP electrode, previously scanned several times between −0.1 and +0.7 V vs Ag/AgCl to oxidize some of the 4-ATP groups on the surface to quinone diimines. The peak shifts of the DPV wave were measured in buffer solutions of different pH values. In this case, the pH at the electrode/solution interface is the same as the bulk solution one because there is no supported membrane and the solution was stirred before the measurement. Figure 6a shows that the peak potential shifted −56 mV/pH unit, in agreement with theory. Figure 6b shows typical DPV measurements obtained with a Au/4-ATP/PhL+C-I+DMN under 1 mM buffer concentration conditions, to differentiate the pH value at the electrode/ membrane interface from the bulk solution value (Figure 6b , red line). Upon addition of 60 μM NADH, the peak potential shifted 46 mV to higher potentials (Figure 6b, green line) , indicating that the local pH at the interface decreased almost one unit. The pH in the bulk solution, measured with a pHmeter, did not change, as expected taking into account its large volume (35 mL) . To be sure that the increase of the proton concentration in the interface was due to proton translocation across the biomimetic membrane, an ionophore (2,4dinitrophenol, DNP) was added to the solution. Under those conditions, the peak potential shifted 66 mV to lower potentials (Figure 6b , orange dashed line), indicating an increase of the interface pH. The shifts of the peak potential measurements were quite reproducible using several modified electrodes. The average shift was +50 ± 10 mV (six different electrodes) upon 60 μM NADH addition. Figure 6b also shows a control measurement done with Au/ 4-ATP/PhL+DMN, in which the enzyme was not present in the phopholipid bilayer (Figure 6b , black line). In this case, the addition of NADH did not change the peak potential, confirming that the pH changes at the membrane/electrode interface described above were due to the presence of complex I.
■ DISCUSSION
In this work, we present the first entire and functional reconstitution of respiratory complex I on a biomimetic bilayer. Usually, the studies of this enzyme are done with the two different domains separated and not in similar conditions to the natural ones. 3, 13, 41 The AFM study shows that a phospholipid bilayer is formed on the Au(111) surface modified with 4-ATP (the formation of a positively charged monolayer on the electrode surface favors the formation of a negatively charged phospholipid bilayer) 23 and that hydrophilic domains of the complex I protrude out of the biomimetic membrane toward the solution. We measure by AFM a 6−8 nm height for this hydrophilic region. X-ray crystallography data indicate that the peripheral hydrophilic arm of the L-shaped complex I extends about 13 nm over the phospholipid bilayer. 4 The difference between the AFM measuments and X-ray data could be due to the fact that the arm is not sitting at a right angle with respect to the membrane surface, as was determined from the X-ray data, and/or also to a possible flexibility of the domain that allows for a certain deformation upon contact with the AFM tapping tip while imaging. We cannot ensure that all enzyme molecules have the same orientation, but we can affirm there is a population that occupies 4−10% of the membrane surface whose conformation corresponds to the one shown in the scheme of Figure 1 . Although it is likely that in the initial proteo-lipid vesicles the complex I molecules are anchored on both sides, incorporation of the enzyme into the surface supported bilayers probably favors orienting the hydrophilic arm away from the gold surface. Very asymmetric proteins incorporated into supported lipid membranes in the presence of detergents are known to incorporate preferentially with one orientation. 42 The impedance study confirmed the formation of the phospholipid bilayer over the gold wires used for the electrochemical measurements. 43 The large increase on the charge resistance at the electrode surface measured upon overnight incubation in the liposome suspension is incompatible with just an adsorption of liposome vesicles, 43 whereas it is in agreement with a phospholipid bilayer formation as observed by AFM. It is interesting to note that the impedance measurements indicate that the bilayer is more insulating, and thus more compact, when it incorporates complex I. This suggests that the insertion of the hydrophobic domain of this enzyme in the biomimetic membrane stabilizes it, decreasing the number of defects in its structure. Nevertheless, higher values of charge resistance have been reported for other supported lipid layers, such as tethered bilayer membranes, which indicate that our biomimetic membrane is not defect free. 39, 43, 44 The advantage of reconstituting complex I on modified gold electrodes is that a panoply of electrochemical techniques can be used to study its functional properties. We show that not only the electrocatalytical oxidation of NADH can be studied, but also the coupled proton translocation across the membrane can be explored. The construction is functional only when the enzyme, the NADH and the quinone are present. The electrocatalytic currents measured are low, which are in agreement with the low enzyme coverage observed by AFM and with the low turnover of complex I from the thermophilic organism R. marinus for oxidizing NADH using DMN as electron acceptor (at 25°C). 18 The CVs measured in the presence of NADH do not show the typical electrocatalytic effect in which a plateau current is reached when the process is limited by mass transport of the substrate or enzymatic turnover. 19 In fact, the CVs have similar shape (the catalytic current increases linearly with the overpotential) to those reported for the electrocatalytic behavior of other metalloenzymes, such as hydrogenases 45 or the hydrophilic subunit of complex I. 13 In these cases, the CV shape was explained by the overlap of the electrocatalytic response of enzyme molecules with different orientations at the electrode surface. 13, 45 However, in these cases, electrocatalysis was obtained by direct electron transfer of the enzyme, which was ratelimiting the process, whereas in our case we have a mediated process. This suggests that in our case the rate-limiting step is the reoxidation of the quinone mediator (DMN) at the electrode. The control measurements of the work indeed indicate that the DMN electrochemistry is quite sluggish. Moreover, several works show that the electrochemistry of quinones becomes less reversible at lower pH and their oxidation waves shift to higher potentials. 36, 37 A possible explanation for the linear increase of the electrocatalytic currents observed in the CV of Figure 5b is that the pH increase at the electrode/membrane interface, due to the proton translocation coupled to the enzymatic NADH oxidation, shifts the oxidation potential of DMN during the electrocatalytic measurement. This effect would be equivalent to the presence of redox mediator molecules with a wide range of potentials, thus leading to an electrocatalytic wave that does not reach a plateau. 46 The generation of a proton-dependent redox process at the electrode surface, which is not involved in the enzymatic process, allows one to monitor quantitatively the changes of pH at the membrane/electrode interface. Therefore, a fast and simple electrochemical method is developed for studying proton translocation across supported membranes that does not require the use of the normally used fluorescence probes. 6,7,10−12 However, it must be taken into account that the measured local pH is the net balance between the proton translocation from the bulk solution to the electrode/ membrane interface by complex I and the proton diffusion in the opposite direction through the supported membrane defects. In a previous work, we showed that such type of supported phospholipid bilayer was in part permeable to positively charged compounds through the defects. 23 
■ CONCLUSIONS
This work presents a new methodological approach to study respiratory complex I. The employed system allows reconstitution of this membrane enzyme in a configuration very similar to its natural one, and allows one to take advantage of the high sensitivity, versatility, and reliability of electrochemical methods for studying complex I functional properties. Both electron transfer and proton translocation by respiratory complex I were monitored on the electrode, showing electrocatalytic oxidation of NADH mediated by the quinone pool within the biomimetic membrane and proton accumulation at the membrane/electrode interface. Furthermore, this approach opens the way for developing new assays for screening drug effects on mitochondrial function. 29 
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